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METHOD AND APPARATUS FOR 
COHERENTLY COMBINING MULTIPLE 

LASER OSCILLATORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a divisional of US. patent application 
Ser. No. 10/759,510, ?led on Jan. 15, 2004, now US. Pat. No. 
7,457,326, Which claims priority to US. Provisional Appli 
cation No. 60/441,027, ?led on Jan. 17, 2003, the disclosure 
of Which is incorporated herein by reference. 

This patent application is related to and claims the bene?t 
of US. Provisional Patent Application Ser. No. 60/441,027, 
?led on Jan. 17, 2003 and titled “Method and Apparatus for 
Coherently Combining Multiple Laser Oscillators.” The dis 
closure of US. Provisional Patent Application No. 60/441, 
027 is incorporated herein by reference in its entirety. 

The subject matter of the present application may also be 
related to the US. Provisional Patent Application Ser. No. 
60/441,026, ?led on Jan. 17, 2003 and titled “Method and 
Apparatus for Combining Laser Light.” The contents of this 
US. Provisional Patent Application Ser. No. 60/441,026 are 
incorporated by reference herein in their entirety. 

The subject matter of the present application may also be 
related to the co-pending US. patent application Ser. No. 
10/759,511, ?led of even date hereWith and titled “Method 
and Apparatus for Combining Laser Light.” The contents of 
this US. patent application Ser. No. 10/759,511 are incorpo 
rated by reference herein in their entirety. 

BACKGROUND 

1. Field 
This disclosure relates generally to lasers and more par 

ticularly to combining multiple laser oscillators to produce a 
higher intensity output. 

2. Description of Related Art 
Many potential laser applications such as laser communi 

cations, industrial material processing, and remote sensing 
require the use of laser sources producing high brightness 
light. High brightness can be generally de?ned as high poWer 
per unit area per unit bandWidth per unit solid angle. Produc 
ing high brightness from a single laser source is generally 
limited by the fact that there is an inherent limit to the poWer 
or energy per unit volume that can be extracted from or stored 
in a lasing medium. Alternatively, high brightness laser out 
put may be obtained from an array of coherent lasers that have 
approximately the same phase. 
One method knoWn in the art for providing a higher poWer 

laser output comprises directing the output from a master 
laser oscillator to several laser gain elements. US. Pat. No. 
4,757,268, issued Jul. 12, 1988 to Abrams et al., describes 
such a laser apparatus With N parallel laser gain elements. If 
the outputs of the N laser gain elements sum incoherently, a 
brightness equal to N times the brightness of a single laser 
gain element results. HoWever, in Abrams et al., phase con 
jugate re?ector means are disposed in the optical path of the 
laser gain elements to provide that the laser beams traveling 
through the individual laser gain elements sum coherently. 
This coherent summation of the laser beams provide that the 
resultant laser apparatus output Will have a peak brightness 
proportional to N2 times the brightness of a single laser gain 
element. Hence, coherent combination of laser outputs pro 
vides for substantial increases in laser output brightness. 

The laser apparatus described by Abrams et al. uses a 
master oscillator comprising laser devices such as NdzYAG 
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2 
crystals or diode lasers and several additional optical ele 
ments to ensure that the light traveling Within the apparatus is 
properly polariZed and directed. Hence, the apparatus 
described by Abrams may be expensive and dif?cult to imple 
ment. 

High poWer laser systems utiliZing a ?ber laser as a master 
oscillator are also knoWn in the art. Fiber lasers are relatively 
compact and e?icient, Which reduces the poWer and Weight 
requirements for systems based on ?ber lasers. HoWever, the 
poWer output of a single ?ber laser Without ampli?cation or 
other poWer increasing techniques is relatively low. US. Pat. 
No. 6,366,356, issuedApr. 2, 2001 to Brosnan et al., discloses 
a laser system using a diode pumped ?ber laser as a master 
oscillator and a plurality of ?ber ampli?ers connected to the 
master oscillator. The outputs from the plurality of ?ber 
ampli?ers are collimated by a lens array to produce a single 
high poWer laser beam output. 
As brie?y described above, coherent combination of mul 

tiple laser beams provides a poWer-laW increase in poWer 
output. Therefore, Bro snan describes an additional electronic 
apparatus to correct the phase of the output provided by each 
?ber ampli?er. The ability to compensate for the relative 
optical phase shifts among the array of ?ber ampli?ers pro 
vides for the preferred coherent combination of outputs. 
HoWever, the additional circuitry required to detect and com 
pensate for the relative optical phase shifts increases the com 
plexity of the system disclosed by Brosnan. Also, ?ber ampli 
?ers are generally less e?icient than ?ber oscillators (lasers). 
Therefore, the array of ?ber ampli?ers disclosed by Brosnan 
Would provide less poWer than an array of ?ber oscillators of 
the same number. Hence, the system disclosed by Brosnan 
Would be considered less ef?cient than a system based on a 
plurality of ?ber oscillators. 

Other high poWer laser systems based on ?ber lasers avoid 
?ber ampli?ers by using multiple-core coupler ?ber oscilla 
tors. US. Pat. No. 5,566,196, issued Oct. 15, 1996 to Scifres, 
describes a ?ber laser With tWo or more generally parallel, 
nonconcentric doped core regions. The use of multiple cores 
spreads the light over a larger area of the ?ber, thereby reduc 
ing the laser poWer density and reducing the nonlinear optical 
effects that Would otherWise occur at high light intensities. 
Scifres discloses that the cores may be positioned far enough 
apart to ensure that light propagating in one core intersects 
only minimally With light propagating in the other cores, so 
that each core forms a completely independent laser. HoW 
ever, this con?guration does not provide for phase-locking 
betWeen the light propagating in each of the cores. Scifres 
also discloses spacing the neighboring cores suf?ciently 
close such that interaction of the light in the cores does occur, 
thereby providing a phase-locked array of laser emitters in the 
?ber. 
A key problem With multiple-core ?ber oscillator systems, 

such as the system disclosed by Scifres, is heat dissipation. 
Since the cores are disposed parallel and adjacent to each 
other along the entire active region of the cores, the heat from 
each core Will be partially transmitted to the adjacent cores. 
Hence, the poWer of the multiple-core ?ber oscillator systems 
Will be limited by the ability to dissipate the heat generated by 
the active regions aWay from the multiple-core ?ber, similar 
to the Way that glass rod lasers are limited in average poWer 
scaling. 
US. Pat. No. 6,272,155, issuedAug. 7, 2001, to Sekiguchi 

describes the creation of a high intensity optical source 
through the creation of a high density group of incoherent 
?bers. See, for example, FIG. 3 ofU.S. Pat. No. 6,272,155. If 
the ?bers do not interact, they Will lase With their oWn char 
acteristic frequencies (spectrum of longitudinal modes) and 
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thereby be incoherent. Sekiguchi discloses that the ?bers are 
to be positioned relative to one another such that they do not 
interact. The total poWer output Will then increase propor 
tional to the number of sources (N) simply due to energy 
conservation. 

Therefore, there exists a need in the art for a laser system 
that incorporates the use of loW cost and e?icient ?ber lasers 
to generate a higher poWer laser output or outputs, While 
reducing the limitations on poWer output caused by heat 
dissipation and avoiding the complexity of electronic com 
pensation of the outputs of the ?ber lasers. 

SUMMARY 

Embodiments of the present invention provide a method 
and apparatus for coupling a plurality of lasers and utiliZing 
interactions betWeen the plurality of lasers to form a coherent 
optical output. Embodiments of the present invention prefer 
ably utiliZe ?ber lasers With su?icient connectivity to produce 
a higher intensity laser output. The coupling of the ?ber lasers 
may be accomplished by using any of a number of techniques 
Well knoWn in the art. Preferred embodiments of the present 
invention may use devices that are fabricated using relatively 
standard optical ?ber melting, combining, and pulling tech 
niques to couple the ?ber lasers. 

Embodiments of the present invention produce a coherent 
state among a plurality of lasers Without relying upon addi 
tional ampli?ers. Combiners are used to implement the 
proper connectivity in coupling the laser light produced by 
the lasers so that the lasers form inphase states. The combiner 
may comprise a re?ector and the coherent coupler disclosed 
in US. Provisional Application Ser. No. 60/441,026 or US. 
patent application Ser. No. 10/759,511. 
A ?rst embodiment of the present invention provides a 

method of coherently combining multiple laser oscillators 
comprising: providing a plurality of lasers; coupling the plu 
rality of lasers; con?guring the coupling betWeen the plurality 
of lasers so that each laser interacts With at least one other 
laser to pull an intrinsic frequency distribution of the at least 
one other laser, Where the interactions betWeen the lasers 
form a coherent optical output. 

Another embodiment of the present invention provides an 
apparatus comprising: a plurality of optical ?bers, each opti 
cal ?ber having a ?rst re?ector disposed at a ?rst end and 
having a laser active region comprising laser active material; 
one or more laser pump devices for applying pump energy to 
the laser active region of each optical ?ber of the plurality of 
optical ?bers; and a combiner coupled to a second end of each 
of the optical ?bers, the combiner combining light directed 
from the plurality of optical ?bers and producing an optical 
output, Where the combiner is con?gured to couple the light 
directed from each ?ber so that the light from one ?ber inter 
acts With at least one other ?ber to pull an intrinsic frequency 
distribution of the light of the at least one other ?ber. 

Still another embodiment of the present invention provides 
a laser apparatus comprising: a plurality of laser devices; and 
a ?rst means for coupling the plurality of laser devices, the 
?rst means coupling the plurality of laser devices so that laser 
light of each laser device interacts With the laser light of at 
least one other laser device to pull an intrinsic frequency 
distribution of at least one other laser device; Where the inter 
actions betWeen the laser light of the plurality of laser devices 
form a coherent optical output. 
Some embodiments of the present invention generally 

comprise an apparatus having a plurality of ?bers With laser 
active regions coupled together. Each of the ?bers has a 
re?ector disposed at one end and is connected to a combiner 
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4 
on the other end. A laser pump device for each ?ber provides 
pump energy to the laser active regions. Light propagating in 
the ?bers interacts so as to form inphase states. The array of 
?bers may be coupled either in pairs or altogether betWeen the 
re?ector and the laser active region. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention Will 
become better understood With regard to the folloWing 
description, appended claims, and accompanying draWings. 

FIG. 1 shoWs a generaliZed embodiment of a laser appara 
tus according to the present invention. 

FIG. 2 shoWs an experimental set-up using a laser appara 
tus according to an embodiment of the present invention that 
also demonstrates that phase coherence may be achieved by 
appropriately coupling ?ber lasers. 

FIG. 3 shoWs the observed interference fringes for altema 
tive con?gurations of the experimental set-up depicted in 
FIG. 2. 

FIG. 4 shoWs a spectrum analyZer output of a comb of 
frequencies generated With the experimental set-up depicted 
in FIG. 2. 

FIG. 5 depicts an oscilloscope output for the experimental 
set-up depicted in FIG. 2, Where signi?cant peaks in poWer 
output are seen over time. 

FIG. 6 shoWs another embodiment of a laser apparatus 
according to the present invention. 

FIG. 7 compares the expected increase in output poWer if 
the ?ber lasers in FIG. 6 are operating inphase to actual 
measurements as additional ?ber lasers are turned on. 

FIG. 8 shoWs another embodiment according to the present 
invention Where a plurality of ?ber lasers are coupled at one 
end With a coupler and various pairs of lasers are coupled at 
the other end providing additional coupling betWeen array 
regions. 

FIG. 8A shoWs a close-up of the coupler shoWn in FIG. 8. 
FIG. 9 shoWs another embodiment according to the present 

invention Where the ?ber lasers are coupled at both ends by 
couplers. At each coupler a different set of ?bers are spatially 
close to one another, providing coupling betWeen regions of 
the ?ber laser array. 

DETAILED DESCRIPTION 

The present invention Will noW be described more fully 
hereinafter With reference to the accompanying draWings, in 
Which preferred embodiments of the invention are shoWn. 
This invention may be embodied in many different forms and 
should not be construed as limited to the embodiments set 
forth herein. Further, the dimensions of certain elements 
shoWn in the accompanying draWings may be exaggerated to 
more clearly shoW details. The present invention should not 
be construed as being limited to the dimensional relations 
shoWn in the draWings, nor should the individual elements 
shoWn in the draWings be construed to be limited to the 
dimensions shoWn. 

FIG. 1 shoWs a generaliZed embodiment of a laser appara 
tus 100 according to the present invention. In FIG. 1, a plu 
rality of ?bers 101 With regions comprising a lasing medium 
are coupled together at one end of a combiner 107 having a 
coupler 110 and a second re?ector 105. A ?rst re?ector 103 is 
disposed at the other end of each ?ber 101. The coupler 110 
directs light to a second partially transmissive re?ector 105. 
The second re?ector 105 both re?ects light back to the cou 
pler 110 and produces an optical output 130. The combiner 
107 provides an output 106 Which may be a freespace element 
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or con?ned to an optical element such as a ?ber or Waveguide. 
Each ?ber 101 of the plurality of ?bers receives pump energy 
from a corresponding laser pump device 111. 

The coupler 110 couples the laser light produced by the 
pumped ?bers 101 such that the pumped ?bers form inphase 
states. Preferably, the Q’ s of the individual resonators formed 
by the pumped ?ber 101 are kept as loW as possible to alloW 
the different resonators to pull each other’s intrinsic fre 
quency distributions. This facilitates the formation of inphase 
states. LoW Q’s in the apparatus 100 depicted in FIG. 1 may 
be realiZed by using a Weakly re?ecting transmissive re?ector 
105. 
An experimental set-up using another embodiment of the 

present invention is depicted in FIG. 2. The laser apparatus 
200 depicted in FIG. 2 comprises a set of coupled ?ber lasers, 
Which may be assembled from commercial-off-the-shelf 
optical components. In the apparatus 200 depicted in FIG. 2, 
four Nd-doped ?bers 220 are coupled together With a ?ve 
Way coupler 210. The ?fth input port of the ?ve-Way coupler 
210 is connected to a fast photo-diode 297 for analysis pur 
poses, as discussed beloW. The ?bers 220 are provided With 
laser pump energy from pump devices 230, preferably 813 
nm diode pump lasers. Polarization controllers 223 are dis 
posed at the ends of the ?bers 220 opposite the coupler 210. 
Collimators 225, preferably 0.5 mm 000, spaced at 1 mm, are 
also disposed at the ends of the ?bers 220 opposite the coupler 
210 to provided a collimated beam, Which is directed to a 
partial mirror 240. A very high re?ectivity broadband grating 
213 is disposed at the output of the coupler 210, so that laser 
resonant cavities are formed betWeen the partial mirror 240 
and the high re?ectivity grating 213. 

In the apparatus 200 depicted in FIG. 2, coupling between 
the ?ber oscillators is implemented by the doped ?bers 220 
via the ?ve-Way coupler 210 and the very high re?ectivity 
broadband grating 213. The coupling betWeen the oscillators 
relative to the Q of a particular oscillator can be varied by 
changing the output coupling of the oscillators. As brie?y 
noted above, the laser output of the apparatus 200 is provided 
by the partial mirror 240 disposed at the collimators 225. 
Hence, the output coupling results from the re?ectivity of the 
partial mirror 240, Which is preferably disposed about 1 cm 
from the collimators 225. The output coupling is also affected 
by the very small re?ectivity of the collimators 225. Prefer 
ably, the lengths of the doped ?bers 220 are adjusted to 
provide the desired operation of the apparatus 200. 

In the experimental set-up depicted in FIG. 2, a mode 
locked pulsed laser 290 injects optical pulses into the indi 
vidual ?bers 220 and the relative output arrival times are 
measured. In the set-up shoWn in FIG. 2, these measurements 
are used to trim the laser oscillators to the same length Within 
a feW millimeters. The approximate lengths in meters of the 
various ?ber sections are shoWn as the small annotations near 
the ?bers 220 in FIG. 2. Note the lengths shoWn in FIG. 2 are 
not to scale. 

With the ?ber oscillators having nearly the same lengths, 
the combs of modes of the oscillators have the possibility of 
overlap, that is, the mode spacing of all the oscillators Will be 
nearly the same, even though the absolute free-running fre 
quencies may not be. In initial experiments With the experi 
mental set-up depicted in FIG. 2, the Q’s of the individual 
oscillators Were made as loW as possible by using only a very 
Weakly re?ecting (less than 4%) partial mirror 240 at the 
output. The loW Q’s alloWed the different ?ber oscillators to 
pull each other’s intrinsic frequency distributions. 

HoWever, it is not necessary for the ?ber oscillators to have 
the same lengths or nearly the same lengths in embodiments 
according to the present invention. The ?ber oscillators may 
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6 
differ in length by as much as 10% or more. HoWever, the 
lengths of the ?ber oscillators should be close enough to alloW 
resonators realiZed by each of the ?ber oscillators to pull each 
other’s intrinsic frequency distributions and thus obtain 
coherence. 
The additional test equipment coupled to the apparatus 200 

depicted in FIG. 2 alloWs for the performance of the apparatus 
200 to be measured. As noted above, a mode-locked laser 290 
injects optical pulses into the apparatus 200 to measure ?ber 
lengths. The mode-locked laser 290 is coupled via connec 
toriZed ?bers 291 to the end of the broadband grating 213 
opposite the coupler 210. As brie?y noted above, optical 
signals from one arm of the coupler 210 are directed via 
optical ?ber 295 connected via an optical coupler 293 to a fast 
photodiode 297. The fast photodiode 297 produces electrical 
signals, Which are directed to a RF spectrum analyZer 257 and 
an oscilloscope 258. A lens 252 and camera 254 capture 
images of the output laser beam for a video display 256. The 
RF spectrum analyZer 257 produces an RF spectra display 
and the video display 256 shoWs interference fringe data, both 
of Which are used to ascertain the phase coherence of the 
output beam. 

Experiments Were conducted With the experimental set-up 
shoWn in FIG. 2. Three experimental con?gurations of the 
experimental set-up Were tested and the interference fringe 
patterns as displayed by the video display 256 Were observed. 
The observed interference fringe patterns are shoWn in FIG. 
3. Reference character 301 identi?es the best pattern obtained 
from the ?rst experiment and reference character 311 identi 
?es the Worst pattern obtained from the ?rst experiment. 
Reference character 302 identi?es the best pattern obtained 
from the second experiment and reference character 312 
identi?es the Worst pattern. Reference character 303 identi 
?es the best pattern obtained from the third experiment and 
reference character 313 identi?es the Worst pattern. 

In the ?rst experimental con?guration, the mode-locked 
laser 290 Was used as a highly coherent master oscillator to 
supply multiple coherent laser signals to the ?bers 220 
through the coupler 210. Hence, the ?bers 220 acted as ?ber 
ampli?ers. Both the best interference pattern 301 and the 
Worst interference pattern 311 shoW multiple black nulls 
(identi?ed With reference character 300), indicating coher 
ence betWeen the outputs of the four ?bers 220 in the far ?eld. 

In the second experiment, the mode-locked laser 290 Was 
not used to supply a laser input. Instead, the ?bers 220 Were 
solely pumped With the laser pump devices 230 to act as 
parallel ?ber lasers. A medium output coupling, that is, rela 
tively high Q, Was used at the output of the ?bers 220. In the 
absence of the different lasers being coherent, the interfer 
ence patterns should simply shoW a time-dependent blur, 
representing four independent lasers, each one operating in 
several hundred longitudinal modes. HoWever, the best inter 
ference pattern 302 and the Worst interference pattern 312 still 
shoW the presence of at least some nulls 300, indicating some 
coherence betWeen the ?ber outputs. The time dependence 
displayed by the fringes indicated that the laser array Was not 
remaining at a constant frequency, but the relatively long 
durations of the Well-de?ned fringes indicate that the coher 
ent states Were stable to some extent. Further, the fuZZier 
looking patterns may have indicated the loss of coherence or 
that jumps betWeen coherent states Were too rapid for the 
video to catch. 

In the third experiment, the ?bers 220 Were again con?g 
ured as parallel ?ber lasers (no master oscillator Was used). A 
loW output coupling (loW Q) Was used With the ?ber lasers. 
The best interference pattern 303 and the Worst pattern 313 
still shoW the presence of some nulls 300, although the both 



US 7,599,405 B2 
7 

patterns 303, 313 Were a bit fuZZier than the patterns observed 
With the other tWo con?gurations. However, this experiment 
shoWed that coherence betWeen the ?ber oscillators Was still 
obtained in a loW Q output coupling state. 

FIG. 4 shoWs a homodyne spectrum observed With the 
spectrum analyzer 257. FIG. 4 shoWs that only a single comb 
of frequencies Was present. Although not shoWn in FIG. 4, 
during the testing of the apparatus, pulling of the individual 
modes could be observed on the spectrum analyZer 257 by 
turning one or another of the lasers on or off. 

FIG. 5 shoWs the temporal behavior of the apparatus 200 
When con?gured in the loW output coupling state. The output 
of the fast photodiode 297 Was directed to the oscilloscope 
258. FIG. 5 shoWs the oscilloscope display for a short time 
sample. As shoWn in FIG. 5, the output ?uctuates in time, but 
there are signi?cant peaks in the poWer output, indicating a 
strong interaction betWeen the four ?ber oscillators. 
An alternative embodiment of a laser apparatus 600 

according to the present invention is shoWn in FIG. 6. In FIG. 
6, a ?ve-Way coupler 610, similar to the ?ve-Way coupler 210 
used in the apparatus 200 shoWn in FIG. 2, couples together 
?ve ?ber segments 620 comprising laser active material. Each 
?ber segment 620 is doped With doping material. Each ?ber 
segment 620 is preferably doped With Nd in this embodiment, 
and is pumped by a laser pumping device 630, such as a diode 
pump. The pump energy may be coupled to the ?ber segments 
620 using commercial coupling devices 633, such as WDM 
couplers. Each ?ber segment 620 is terminated at one end 
With a ?ber re?ecting grating 623. The other end of each ?ber 
segment 620 is coupled to the ?ve-Way coupler 610. The 
?ve-Way coupler 610 preferably comprises three 50%-50% 
couplers 612 and one 80%-20% coupler 614. The output of 
the ?ve-Way coupler is directed to a partially re?ecting re?ec 
tor 640, Which both re?ects light back into the coupler and 
transmits a laser output 650. 

The laser apparatus 600 depicted in FIG. 6 differs from the 
apparatus 200 depicted in FIG. 2 in that the re?ectors that 
facilitate the formation of the ?ber oscillators have been 
?ipped. That is, each ?ber segment 620 is directly coupled to 
a highly re?ective device, that is, the ?ber grating re?ectors 
623, and the partially re?ecting device 640 is disposed at the 
output of the ?ve-Way coupler 610. Also, the output of the 
?ve-Way coupler 610 is considered as the output of the laser 
apparatus 600, rather than the multiple collimated outputs of 
the apparatus 200 depicted in FIG. 2. The arrangement of the 
?ber oscillators and the ?ve-Way coupler 610 also facilitates 
the measurement of the output of the apparatus Where all 
lasers overlap, that is, at the output of the ?ve-Way coupler 
610. 
The results of poWer measurements made on the apparatus 

600 depicted in FIG. 6 are shoWn in FIG. 7. If there Were no 
coherence betWeen the ?ve lasers, one Would expect 1/5 of 
Whatever total poWer Was being produced by the ?ber lasers to 
appear in the output arm of the coupler 610, Where the poWer 
sampling measurements Were made. Furthermore, one Would 
expect linear groWth of the poWer as the number of turned-on 
lasers increases. Instead, FIG. 7 shoWs that there Was a N2 
groWth of poWer as the total number of turned-on lasers N 
increased. This indicates that the laser beams from each ?ber 
laser Were coherently inphase in the arm of the coupler 610 at 
Which the poWer measurements Were made. 

Another embodiment of a laser apparatus 800 according to 
the present invention is shoWn in FIG. 8. The laser apparatus 
comprises a plurality of optical ?ber paths 820 and a coupler 
810. Each optical ?ber path 820 comprises: a doped segment 
822, Which receives laser pumping energy; a coupling con 
nection segment 824, Which connects the optical ?ber path 
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8 
820 to the coupler 810; and a re?ector connection segment 
826, Which contains a ?ber grating re?ector 828 or connects 
the optical ?ber path 820 to a high re?ectivity device. The 
re?ector connection segments 826 of particular ones of the 
optical ?ber paths 820 may be coupled together in pairs With 
couplers 833. Each optical ?ber path 820 may comprise a 
single optical ?ber With the described segments or may com 
prise multiple optical ?bers coupled together to form the 
described segments using techniques known in the art. 
The main coupler 810 is shoWn in more detail in FIG. 8A. 

The coupler 810 comprises the coupling connection segment 
824 of the plurality of optical ?ber paths 820 bundled 
together, stretched, and fused to form a coupling section 815 
that provides a Zone of high local-neighbor coupling. The 
coupler 810 preferably additionally comprises a surface 813 
that has been cleaved or polished ?at and coated to provide for 
partial re?ection and partial transmission of the laser light 
produced Within the optical ?ber paths 820. Preferred 
embodiments of the coupler are described in additional detail 
in the copending and commonly assigned U.S. Provisional 
patent application Ser. No. 60/44l,026, titled “Method and 
Apparatus for Combining Laser Light,” or U.S. patent appli 
cation Ser. No. 10/759,511, also titled “Method and Appara 
tus for Combining Laser Light.” 

Each optical ?ber path 820 forms a ?ber oscillator due to 
the application of pump energy to the doped segment 822 and 
the resonant cavity formed by the surface 813 at the coupler 
810 and the ?ber grating re?ector 828 in each optical ?ber 
path 820. Therefore, the coupler 810 provides the ability to 
combine the laser light from each optical ?ber path 820 into a 
single laserbeam, much like the coupler 610 for the apparatus 
depicted in FIG. 6. The degree of coupling betWeen the laser 
light from each optical ?ber path 820 can be controlled by the 
amount of stretch and the length of the bundled ?bers at the 
coupler 810. The ?bers are tuned to give the required degree 
of coupling for a particular connectivity. Preferably, the ?bers 
are not narroWed so much that they no longer support a 
propagating mode. 
Due to the paired coupling of the re?ector connection 

segments 826 of the optical ?ber paths 820, the optical ?ber 
paths 820 may be vieWed as cluster coupled. Cluster coupling 
alloWs the array to behave as if all the elements of the array 
Were directly coupled to all the other elements of the array. 
This is an important consideration since “all-to-all” coupled 
systems can display spontaneous order-disorder transitions 
that are excluded from one-dimensional or tWo-dimensional 
systems With only local array interactions. Since at any slice 
of the apparatus 800 only local interactions Will be present 
betWeen array members, it is preferred that the cluster cou 
pling be present for a coherent state to spontaneously form. 

A laser apparatus 900 according to an alternative embodi 
ment of the present invention in Which a coupler is used is 
depicted in FIG. 9. The laser apparatus 900 shoWn in FIG. 9 
differs from the apparatus 800 shoWn in FIG. 8 based on the 
coupling of the re?ector segments 826 of the optical ?ber 
paths 820. That is, the laser apparatus 900 shoWn in FIG. 9 
still comprises a plurality of optical ?ber paths 820 and a 
coupler 810. Each optical ?ber path 820 still comprises: a 
doped segment 822, Which receives laser pumping energy; a 
coupling segment 824, Which couples the optical ?ber path 
820 to the coupler 810; and a re?ector connection segment 
826, Which contains a ?ber grating re?ector 828 and couples 
the optical ?ber path 820 to a high re?ectivity device. HoW 
ever, a second coupler 970 is used to couple together all of the 
re?ector connection segments 826. The second coupler 970 
may comprise a bundled and fused coupler similar to the 
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coupler 810, or may comprise other couplers known in the art 
to provide the capability to couple multiple ?bers in a ?ber 
to-?ber fashion. 

Preferably, the optical ?ber paths 820 are coupled together 
in the second coupler 970 in a different pattern than the paths 
820 coupled together in the coupler 810. That is, it is preferred 
that the same paths 820 are not adjacent each other in both the 
coupler 810 and the second coupler 970. A random coupling 
pattern may be used in the second coupler 970 to ensure that 
at least some of the paths are not mapped into the same 
locations. Alternatively, a designated pattern determined by 
theoretical analysis may be used to achieve speci?ed coupling 
requirements. 

The apparatus 900 shoWn in FIG. 9 may be vieWed as 
having a type of “?ber Weave,” that is, optical ?bers that have 
cross-sections that form regular tWo-dimensional lattices 
interacting With local neighbors via spatially decaying eva 
nescent coupling at the coupler 810, and interacting With 
different ?bers at the second coupler 970. This architecture 
provides the characteristics necessary for spontaneous self 
organiZation of coherent oscillator arrays. 

The embodiments depicted in FIGS. 8 and 9 are particu 
larly suited for implementation With ?ber lasers. The ?ber 
laser architecture depicted in FIGS. 8 and 9 should have the 
capability to spontaneously organiZe the array of optical ?ber 
paths into frequency-locked (i.e., coherent) and phase-or 
dered states. 

The ?ber laser architecture shoWn in FIGS. 8 and 9 should 
also be ?exible enough to alloW for the addition of more 
coupling (i.e., bundled, stretched, and fused regions) in series 
to provide for more elaborate coupling betWeen larger num 
bers of ?bers. If the ?ber oscillators provide high poWer 
levels, the other components, such as the couplers and 
undoped ?ber sections, must, of course, be capable of han 
dling these high poWer levels. PoWer handling as disclosed in 
the embodiments is determined by the individual ?bers and 
the range of poWers over Which the array is stable. The array 
output is controlled through the amount of poWer that is 
applied to the pumping region. 

HoWever, the poWer handling issues related to embodi 
ments according to the present invention are not as critical as 
the issues related to systems employing narroW band optical 
ampli?ers. Since the oscillators in the embodiments accord 
ing to the present invention can operate broadband, the poWer 
limits imposed by stimulated Brillouin scattering (SBS) and 
other nonlinear effects are considerably eased. The ?ber grat 
ings that can be produced in ?bers are su?iciently broad that 
the alloWed oscillation bandWidth is many times the SBS 
bandWidth. Therefore, nonlinear optical effects are not 
expected to limit operation. 
From the foregoing description, it Will be apparent that the 

present invention has a number of advantages, some of Which 
have been described herein, and others of Which are inherent 
in the embodiments of the invention described or claimed 
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herein. Also, it Will be understood that modi?cations can be 
made to the apparatus and method described herein Without 
departing from the teachings of subject matter described 
herein. For example, While certain embodiments of the 
present invention are described above as being implemented 
With optical ?ber devices, other embodiments of the present 
invention may be implemented by using free space optics and 
non-?ber lasers. As such, the invention is not to be limited to 
the described embodiments except as required by the 
appended claims. 
What is claimed is: 
1. A method of coherently combining multiple laser oscil 

lators, the method comprising: 
providing a plurality of laser oscillators operating in dif 

ferent frequency ranges Wherein each laser oscillator in 
the plurality of laser oscillators oscillates light betWeen 
a ?rst re?ector and a second re?ector; 

coupling the plurality of laser oscillators betWeen the ?rst 
re?ector and second re?ector; 

mutually adjusting, through said coupling, said different 
frequency ranges Wherein the plurality of laser oscilla 
tors operate in the same frequency range upon said 
adjusting. 

2. The method of claim 1, Wherein coupling the plurality of 
laser oscillators is such that laser light of each laser oscillator 
interacts With the laser light of at least one other laser oscil 
lator to pull an intrinsic frequency distribution of at least one 
other laser oscillator. 

3. The method of claim 1, Wherein a resonant cavity of the 
oscillators is formed betWeen the ?rst re?ector and second 
re?ector of the oscillators. 

4. An apparatus comprising: 
a plurality of laser oscillators operating at different fre 

quency ranges, Wherein each laser oscillator in the plu 
rality of laser oscillators oscillates light betWeen a ?rst 
re?ector and a second re?ector; 

a combiner coupling the plurality of laser oscillators 
betWeen the ?rst re?ector and second re?ector and 
adjusting the plurality of laser oscillators to operate in 
the same frequency range. 

5. The apparatus of claim 4, Wherein outputs of each laser 
oscillator are coherent to each other. 

6. The apparatus of claim 4, Wherein frequency range of an 
output of the combiner is the same as the frequency range of 
adjusted laser oscillators. 

7. The apparatus of claim 4, Wherein coupling the plurality 
of laser oscillators is such that laser light of each laser oscil 
lator interacts With the laser light of at least one other laser 
oscillator to pull an intrinsic frequency distribution of at least 
one other laser oscillator. 

8. The apparatus of claim 4, Wherein a resonant cavity of 
the oscillators is formed betWeen the ?rst re?ector and second 
re?ector of the oscillators. 

* * * * * 


